ABSTRACT
ethylenediaminetetraacetate, 8-hydroxyquinoline, and several other calcium-complexing or extracting agents, the color reaction due to alizarin red sulfonate was no longer present. By using an analytical method, it was shown that the effluent from stimulated pulvini has significantly more Ca2' than that from unstimulated controls. Ten millimolar LaC13 inhibits recovery of the tannin vacuole in vivo in 10 mM CaCl2 or in distilled water. Quantitative data obtained by microspectrophotometry demonstrated calcium migration during the bending movement of the primary pulvinus. In the adaxial motor cells a small amount of calcium migrates from the tannin vacuole, and calcium on the cell wall moves to the central vacuole. In the abaxial half, a large amount of calcium from the tannin vacuole moves to the central vacuole of the motor cell. It is probable that the calcium binds to the microfibrillar contents of the central vacuole. These observations support the contention that Ca' migrates between the surface of the tannin vacuole and the inside of the central vacuole. The recovery and maintenance of the tannin vacuole in the spherical form may play a role in maintaining turgor in the motor cells of the abaxial half of the primary pulvinus of Mimosa.
An abaxial motor cell of the primary pulvinus of Mimosa pudica contains a large central vacuole, within which, and abutting the side of the cell, is a large contractile tannin vacuole. Contraction and recovery of these tannin vacuoles parallel the bending movements of the pulvinus. By using fixed and stained preparations, morphological changes in the tannin vacuole (30, 32-34, 39, 40) (2, 31) .
The induced efflux of monovalent cations, such as potassium, has long been known to be associated with changes in cellular form and activity of animal cells and organelles. In addition, the intracellular movement of calcium ions has been correlated with such potassium fluxes, as well as with conformational changes in proteins (4, 12) and cells (21, 22) . Since conformational changes of the tannin vacuoles and of the contents of the central vacuole can be correlated with the bending movement of the Mimosa pulvinus (1, 35, 36) , it seemed appropriate to study the possible relation of Ca2`to these changes. Generally, living cells possess ionized or bound calcium (18. 23), and early workers used sodium alizarin sulfonate to detect it cytochemically in the ionized or weakly bound form (5).
More recently, alizarin red sulfate has been employed (7, 8, 19) . We have coupled this chromogenic technique to that of microspectrophotometry to localize Ca2+ within the pulvinal motor cells and to follow its migration during seismonastic bending of the leaf.
MATERIALS AND METHODS
We used the primary pulvinus of Mimosa pudica L. The plants were grown in pots in the greenhouse and were transferred to the laboratory windowsill before use. In order to examine the motor cells before the bending movement, the plants were anaesthetized with ethyl ether vapor for 30 min (30, 32, 33) .
For the microscopic localization of calcium in the motor cell, pulvini obtained before or after stimulation were fixed in Lillie's neutral buffered formalin (commercial formalin, 100 ml; distilled water. 900 ml; NaH2PO4 H20, 4 g; Na,HPO4, 6.5 g), at room temperature for 24 hr (17, 20) . They were then washed in running water for several hours and dehydrated with a t-butanol series and embedded in paraffin. Thirty-micron sections were cut and mounted with Meyer's albumin adhesive.
Dahl's method was modified for the detection of calcium in the Mimosa motor cell (7) . One percent ARS3 was made up in distilled water and brought to pH 5.5 with 2% aqueous NH4OH. It is worth stressing that the staining reaction for calcium is delicately dependent upon the pH of the ARS solution (7, 19 For the measurement of total CaW+ efflux from resting or stimulated excised pulvini, the pinnae were stripped off and the sides of the pulvini trimmed off after the method of Blackman and Paine (3). Each pulvinus-petiole preparation was aligned on a glass microscope slide and held in place with petroleum jelly which also served to seal the wounds and prevent dehydration. The slide was held at the distal end by a clamp attached to a rack and pinion. The pulvini which hung loose below the slide could thus be raised or lowered into a plastic cup containing 5 ml of phosphate buffer, pH 6.5. The pulvini were allowed to remain at rest for several minutes, and then an aliquot of the bathing solution was taken for measurement. The tissue was stimulated by cutting the distal end of plex formed by Ca' and glyoxal bis-(2-hydroxyanil) is measured at 520 nm. RESULTS In order to correlate the changing form of the tannin vacuoles with the movement of the leaf we studied the recovery rates of the two processes. When the rachistem abaxial angle was measured during recovery from bending and compared to the kinetics of vacuole recovery, both curves follow the same time course, recovering in about 15 to 20 min (Fig. 1) . Thus, the conformational changes of the tannin vacuoles provide an excellent cellular correlate of seismonastic leaf movement.
When the effluent from the primary pulvinus was processed with glyoxal bis-(2-hydroxyanil), a colored product was produced, indicating that Ca2+ was present. The amount of Ca2+ in the effluent taken after stimulation was greater than that taken before stimulation (Table I) . However, this efflux of Ca2+ from the cells of the pulvinus might have come largely from the cut tissue, which is not normally present in situ. In the living plant, it is likely that this Ca2' moves into the stem.
In addition to efflux of Ca2P from the pulvinus, we studied Ca2+ migration within the motor cells. Using fixed and stained material, red color reactions, typical of Ca2' complexes, were clearly observable (Figs. 2a-3b ). There were obvious changes in the site of the color reaction in motor cells examined before and after stimulation. Although some of the Ca2+ was surely washed out of the tissue during fixation, Ca2+ was always present in the tannin vacuole before stimulation and in the central , ., . vacuole after stimulation, and was therefore at least weakly bound to those elements. Some of these weak bonds were apparently broken when the stain was introduced to the cells, so that the Ca2 complexed with the ARS.
The Adaxial Motor Cells. In the motor cells of the adaxial half of the resting primary pulvinus, the ARS reaction was found in the tannin vacuoles and in the cell walls (Fig. 2a) . After stimulation, the tannin vacuoles assumed an orange color, the cell wall did not stain red (Fig. 2b) color. In unstained material, the tannin vacuole is yellow. The absorption spectra of nonstained tannin vacuoles in the adaxial half before (BN) and after stimulation (AN) are shown in Figure 5 . These spectra displayed no peaks and were only slightly different. In stained material, however, absorption peaks were found at 440 and 520 nm before and after stimulus.
The Abaxial Motor Cells. On the abaxial half of the pulvinus, the picture that one sees is quite different. Before receiving a stimulus, the surface of the tannin vacuole (as indicated by the arrow in Fig. 3a ) is round and stains red with ARS. The central vacuole (as indicated by the asterisks in Fig. 3a) does not stain. After receiving a stimulus, the tannin vacuole assumes a nonspherical shape, no longer stains with ARS, and appears yellow. At the same time, the central vacuole (indicated by the asterisks) assumes the ARS red color (Fig. 3b) . There is no difference in the cell walls of the abaxial motor cells before and after stimulation (Fig. 3, a and b) . Under these experimental conditions, the protoplasm could not be observed either before or after stimulation. The absorption spectra of the unstained abaxial tannin vacuoles before (B'N) and after stimulation (A'N) show only small absorbance differences (Fig. 6) . The absorption spectra of the stained abaxial tannin vacuole fixed before (B'S) and after stimulation (A'S) showed absorption peaks at 520 nm and 440 nm. Table II gives the absorption and absorption differences for tannin vacuoles on the adaxial and abaxial sides. The tannin vacuoles on the abaxial side had more Ca2+ before stimulation, and lost more Ca2+ due to stimulation. The absorption spectrum of the abaxial central vacuole after stimulation is indicated in Figure 7 . We could measure the absorption spectra of both unstained (B'N) and stained (B'S) unstimulated ventral cells. The difference spectrum (B'S-B'N), which shows the amount of color complex on the tannin vacuole before stimulation, was computed (Fig. 7) . This difference spectrum is almost identical to the absorption spectrum of the color complex found in the central vacuole after stimulation. In other words, the same amount of Ca2`that is in the tannin vacuole before stimulation, is found in the central vacuole after stimulation. For comparison, an absorption spectrum of a Ca2+-ARS complex, measured in vitro with the microspectrophotometer, is also shown in Figure 7 . Its similarity to the stained cellular material can readily be seen.
After treatment with each of the Ca2" complexing or extracting agents, neither the tannin vacuoles in resting motor cells nor the contents of the central vacuoles in stimulated motor cells reacted to ARS (Fig. 4, a and b) . It is probable that the Ca2`on the tannin vacuole and/or in the central vacuole either was washed out by these reagents or rendered unreactive with ARS.
In the living motor cells, the tannin vacuoles are seen to be flattened on one side in the abaxial motor cells of the primary pulvinus within 3 to 4 min after receiving the stimulus (35, 36) . On recovery, the tannin vacuole is restored to the spherical state after 15 to 20 min. The effects of the addition of La"4 and Ca2`to living cells are shown in Figure 8 and Table III . In either distilled water or CaCl2, the length and width of the tannin vacuole became almost equal, and the recovery to spherical state was made in 20 to 30 min. However, the diameters of the tannin vacuoles in the motor cells soaked in distilled water were somewhat larger than those which had been treated with CaCl2. The lengths and widths of the tannin vacuoles from cells treated with both LaCI3 and CaCl2 are shown in Figure 8d . The effect of CaCl2 upon the tannin vacuole was inhibited by the LaCI3. As can be seen in Table III , both the length and width of the recovering tannin vacuole always increased. However, where LaCI, was added, the width did not increase as much as the length, resulting in a form that was not spherical (Fig. 8) .
In the electron microscopic study, the abaxial central vacuoles were seen to have a fine fibrillar content before stimulation. After stimulation, however, the contents appeared contracted and clumped together (Fig. 9) .
DISCUSSION
Although the volume changes of the tannin vacuoles in the abaxial motor cells are of interest per se, they are significant because the time course of vacuolar recovery is the same as that of the seismonastic recovery motion of the leaf. The combination of Lillie's neutral formalin and ARS gave excellent results in the fixation of the tannin vacuole as well as in demonstrating calcium. The validity of identification and detection of calcium was supported both by the removal of calcium by Ca2+-extracting agents, and the observation that ARS will not produce the red color with other cations tested. This is reinforced by the fact that the absorption spectrum of a known Ca2+-ARS complex was similar to the spectra of stained cellular elements. As a result of the study of effluxing Ca'+, it is obvious that some of the Ca2+ that moves in the cells also leaves the tissue. Therefore, the Ca2+ that ultimately complexes with the ARS is probably bound and not free to move within or out of the motor cells after fixation. Dissolved Ca'+. however, probably does get washed out of the cells during fixation. Thus, we propose that the stained Ca2+ is bound to the tannin vacuole membrane in the resting motor cells, and to something else (possibly microfibrils) in the central vacuoles of stimulated motor cells. Implicit in this hypothesis is the assumption that the bonds holding the Ca2+ to the intracellular elements are relatively weak, and that the Ca4+ can preferentially bind to the ARS at a pH of 5.5. This assumption is supported by other studies (7, 19) .
The general structure of the motor cell of the primary pulvinus is shown in Figure 1 Oa. Each motor cell has a thin cytoplasmic layer at its periphery and diffused fine fibrillar contents distributed in the central vacuole (Fig. 9a) . Upon receiving a stimulus, the adaxial half of the pulvinus expands slightly, but the abaxial half contracts. At some time during the bending process, a small amount of Ca2+ probably moves rapidly out of the adaxial half of the pulvinus, where it migrates from the tannin vacuole and from the cell wall.
Considerable evidence has accumulated that the presence of Cae+ increases the rigidity of the cell wall (6, 26, 29) . It is probably advantageous that the Ca!+ leave the thick cell wall of the adaxial half of the pulvinus in order to decrease its rigidity and facilitate the bending movement of the primary pulvinus.
The degree of wall binding of this Ca+ is unknown, but it is remarkable that it is induced to move so quickly. A schematic illustration of the events in the abaxial motor cell are summarized in Figure 10 , d and e. Upon stimulation, most of the Ca2' leaves the tannin vacuole membrane and moves to the central vacuole of the motor cell, while the tannin vacuole assumes a nonspherical form (Fig. 4b) (25. 35, 36) . The (4, 12) , it may be that the fibrils contain a contractile protein. These fibrils were seen to be connected to the tonoplast, and the Ca2-which leaves the tannin vacuole may form a complex with them (shown schematically in Fig. 11 ). Thus, their contraction might reasonably be expected to affect permeability changes in the membrane of the central vacuole. Several authors have mentioned that Ca2`is essential for the integrity of boundary membranes, such as the plasmalemma (25, 27) . We have observed that Ca2+ accelerates the resumption of a spherical form by the tannin vacuole. In the abaxial motor cell. we proposed that Ca2+ is necessary for maintaining the membrane of the tannin vacuole in its normal resting state.
The recovery phase of the bending movement of the Mimosa pulvinus may be brought about by the recovery of tannin vacuoles which fix the Ca2+ from the central vacuole on their surface membranes. In muscle, the sarcoplasmic reticulum retains the Ca2+ which leaves the contractile protein during relaxation of the muscle fiber (9, 10, 14, 22) , and the tannin vacuole may play an analogous role in the Mimosa abaxial motor cells. LaCl3 has been shown to inhibit Ca2+ transport 
